A cloned EcoRI fragment from Legionella pneumophila, which includes 16s and 23s rRNA genes, was used to identify bacteria belonging to the genus Legionella by hybridization to a series of species specific restriction fragments. Examination of the type strains of 28 species of legionellae gave different band patterns in every case. When further isolates of these species were tested the patterns obtained were usually either identical, or very similar, to those of the respective type strains. Thirty-one coded isolates were examined and of these 29 were allocated to the correct species. The remaining strains (a non-Legionella and a L. pneumophila) could not be identified using this technique. The rRNA gene probe method should be of great value in the identification of legionellae, particularly for those species which are at present very difficult to distinguish serologically.
Preprimion ofI6S uird 23s rRNA subunits. L. pnmmophila (Knoxville-1 ) cells were treated with lysozyme (3.3 mg rnl-l) for 30 min at 37 ' C in buffer containing 2S0< (wiv) sucrose. 50 rnM-Tris/HCl, pH 8 0. The cells were recovered by centrifugation and RNA was prepared (Saunders & Grant, 1984) . The 16.5 and 23s rRNA subunits %ere purified on a linear 5 20% (wiv) sucrose gradient in 10 mwHFPFS/NaOH. pII 7.5. by centrifugation at 125OOOg,, tor 16 h in a SW60Ti rotor (Beckman).
SLwcvingjofor rRN4 genes. The library was screened by plaque filter hybridi~ation (Maniatis et nl., 1982) on qylon filters (Hybond-N ; Amersham). The probe was prepared from a mixture of 16s and 2 3 s rRNAs derived from L pnewrnophiln (Knoxville-1) which were subjected to polynucleotide kimse Iahelling with [y-"P]ATP (Amershun?) following partial alkaline hydrolysis (Maniatis et a/ , 1982) .
N . A . S A U N D E R S A N D O T H E R S
Preparation ojbacterial DNA. DNA was extracted using a propan-2-01 precipitation method (Owen & Borman, 1987) . Briefly, the pellet of bacterial cells was resuspended in buffer containing 150 mM-NaC1, 15 mM-EDTA, 50 mM-Tris/HCl, pH 8.0 and RNAase A (50 pg ml-l; Sigma) and lysed by addition of SDS to 1 % (w/v). The lysate was allowed to clear at 37 "C for 15-30 min and then proteinase K (Sigma) was added (0.1 mg ml-l) and incubated for a further 30 min. The protease treated lysate was then extracted with chloroform : isoamyl alcohol (24 : 1, V/V) and made to 2.5 M in ammonium acetate by addition of a 7 . 5~ stock solution. The extracted DNA was precipitated by addition of propan-2-01 (0.54 vols), collected by centrifugation and washed twice in 70% (v/v) ethanol. The final pellet was dried in uacuo and resuspended in TE buffer (10 mM-Tris/HCl, pH 8.0,l mM-EDTA).
Restriction endonuclease digestion and agarose-gel electrophoresis. Bacterial DNA (1-2 pg) was digested with NciI (2-4 units) (Northumbria Biologicals), or HaeIII (2-4 units) (Amersham) in medium salt buffer (Maniatis et al., 1982) for 2 h at 37 "C. The restriction fragments were separated by electrophoresis in 0.8% (w/v) or 1.2% (w/v) agarose gels at 20 V (1 V cm-l) for 18 h in Tris/borate buffer (0.089 M-Tris, 0.089 M-boric acid, 0.002 M-EDTA) containing 0.5 pg ethidium bromide ml-l . Bacteriophage A (strain cT8.57 ts Sam7) DNA fragments, derived by cleavage with PstI and EcoRI, were run as molecular size standards. Following electrophoresis the gel was soaked for 1 h each in denaturing solution (0.5 M-NaOH, 1.5 M-NaCl) and then in neutralizing solution (1 M-Tris/HCl, pH 8.0, 1.5 M-NaCl).
Southern transfer of DNA samples. Southern transfer of DNA was done as described by Maniatis et al. (1982) using nylon filters (Hybond-N ; Amersham). The filters were air-dried, covered in Mobilrapper TI (Mobil Plastics, Virton, Belgium) and exposed to longwave UV light (3 min) from a transilluminator (UV Products) to effect covalent binding of the DNA fragments to the solid phase. Preparation qf'A phage DNA. Bacteriophage particles were purified from a lysed culture by the pelleting method (Maniatis et al., 1982). DNA was released from phage, suspended in SM buffer (50 mM-Tris/HCl, pH 7.5, 0.1 MNaCl, 10 mM-MgSO, and 0.01 %, w/v, gelatin), by addition of 0-5 M-EDTA (pH 8.0) to 20 mM, proteinase K to 50 pg ml-I, SDS (20%, w/v) to 0.5% followed by incubation at 65 "C for 1 h. The DNA was purified by successive extractions with phenol, phenol/chloroform/isoamyl alcohol (25 : 24 : 1, by vol. and chloroform/isoamyl alcohol (24 :9, v/v). The DNA in the aqueous phase was precipitated with ethanol in the presence of 0.3 M-sodium acetate, pH 6.0, washed twice with 70% (v/v) ethanol and dried in uucuo. At this stage the A DNA was unsuitable for restriction endonuclease digestion or for labelling reactions. Contaminating materials were removed by further treatment with RNAase and proteinase K followed by extraction with chloroform and precipitation with propan-2-01 as described above for the purification of bacterial DNAs. In our hands this modified procedure gives high yields of A DNA [ > 1 pg (ml culture)-'] which is both pure, as determined by gel electrophoresis followed by ethidium bromide staining, and a good substrate for restriction endonucleases and DNA polymerase I.
Labelling and hybridization ofprobe. A142 DNA was labelled by primer extension using biotin-1 1-dUTP (Gibco). The labelled DNA was separated from unincorporated dNTPs by spun column chromatography (Maniatis et al., 1982). Southern blots were prehybridized for 3 h and then hybridized for 18 h at 42 "C in hybridization solution [45%, v/v, formamide, 5 x SSPE (1 x SSPE is 0.15 M-NaCl, 1 mM-EDTA, 10 mM-sodium phosphate/NaOH, pH 7-4), 5 x Denhardt's solution (1 x Denhardt's solution is 0-02% BSA, 0.02% PVP, 0.02% Ficoll), 0.1 %, wlv, SDS, 100 pg denatured herring sperm DNA ml-l] containing labelled probes (150 ng), denatured by heating (100 "C for 5 min). Following incubation the filters were washed at low-stringency in 2 x SSC, 0-1 % (w/v) SDS at 50 "C (2 x 15 min and 1 x 30 min) as described in Maniatis et al. (1982) . The filters were then air-dried and hybridized sequences detected using the Blu-gene system (Gibco).
Northern Blotting. RNA from L. pneumophila (Knoxville-1) was subjected to agarose-gel electrophoresis (1 %, w/v, gel) in the presence of formaldehyde and blotted onto nylon filters (Maniatis et al., 1982). The blot was hybridized to A142, which had been labelled by nick-translation (Rigby et al., 1977) with [ R -~* P ]~C T P (Amersham). The bound probe was detected by autoradiography using Kodak X-Omat AR film and intensifying screens.
DNA fragment size estimation. The molecular size (in base pairs) of restriction fragments was calculated from a standard curve of relative mobility against molecular size of the EcoRI and PstI restriction fragments of A phage, which were run on each gel.
R E S U L T S
Selection and characterization of a rRNA gene probe When the L. pneumophila gene library was screened with end-labelled rRNA fragments, approximately 0.5 % of the clones gave a strong positive signal indicating hybridization to cloned rRNA sequences. One of these clones (A142) was purified and used to probe a Northern blot of L. pneumophila RNA. Both the 23s and 16s rRNA species hybridized to the probe and gave a signal proportional to the quantity of rRNA subunits in the RNA preparation (Fig. 1) . The smaller RNA molecules including 5s and tRNA were removed by washing with 3 M-sodium 23S+ 16S+ Fig. 1 . Northern blot analysis of 1142. Total RNA from L. pneumophila Knoxville-1 ( 5 pg) was run on a 1% agarose gel, then blotted and hybridized to "P-labelled A142 ; following washing under stringent conditions the bands were visualized by autoradiography. acetate during preparation ; consequently, it is not known whether sequences encoding these subunits are present on A142. These results demonstrate the proximity of the two genes and suggest that the rRNA genes of L. pneumophila are clustered. If this is the case then A142 must include the complete sequence of at least one ribosomal subunit since the cloned fragment is larger than a single rRNA gene cluster. It is also likely that a high proportion of the complete sequence of both major rRNA molecules is present since the hybridization signal obtained was proportional to the quantity of 16s and 23s subunits in the RNA preparation.
Restriction endonucleuse digestion of DNA from legionellae DNA preparations from all isolates in Table 1 , except the three strains of L. micdadei, were efficiently cleaved by the restriction endonuclease NciI. Although resistant to digestion with NciI the L . micdadei DNAs were susceptible to digestion with HaeIII (see Fig. 3 ). The D N A preparations obtained from the isolate of Legionella species A appeared to be highly susceptible to NciI yielding a very high proportion of small restriction fragments. This suggests that the mol% G + C of Legionella species A is relatively high. A similar result was observed for the DNA from P. wsiculuris. which has a mol% G + C of 65.8 (Palleroni, 1984) .
Analysis of the restriction jrugment patterns obtained
Examination of the restriction fragments detected by probing the blots of NciI or HaeIII digested DNAs revealed these to be species specific. Thus distinct patterns were obtained for the 28 type strains examined. A selection of these patterns is shown in Fig. 2 (NciI) and Fig. 3  (HaeIII) . None of the 8 1 isolates examined gave the same pattern as another isolate belonging to a different species. Epidemiologically distinct isolates belonging to the same species gave patterns which were indistinguishable from those of the type strain in the cases of L.pneumophila (five isolates), L. anisa (five isolates), L. micdadei (two isolates), L. jeeleii (one isolate), L. hackeliae (one isolalc). L. syiriterzsty (one isolate), Legionella species C (one iwlate). I,, wadsicorthii (one isolate), L. durriofii (one isolate), L. gornzanii (one isolate). or diKered in the position of a single band, or in the prisencelabsence ot'a single band, in the cases of L. rztbritucms (two isolates). L. Jurnofli (one isolate), L. longbucichae (one isolate), L. erythra (onc i d a t e ) .
N . A . S A I I N D E R S A N D OTHERS
In the case of L. bozrmunii strains MI-15 and Toronto-3 (serogroup 2) both showed two restriction fragment length polymorphisms (RFLPs) from the type strain WIGA, and a further group of related isolates (LRU81, LRIJ82, LRU83 and LRU85) shared the same pattern as WIGA. This diversity in pattern might be expected from the low sequence homology 111 this species (Brenner ez al., 1980). Examination ot 22 strains of 1,. pncwmophih belonging to the 13 recognized serogroups provided the best opportunity to assess the degree of variation between restriction sites within a species. Fig. 4 shows the results of analysis of 15 strains (the banding patterns of the other scven strains are not presented here). All 22 strains had the same pattern of bands of molecdar s i x ~0 . 8 kbp and also shared a fragment at 2.8 kbp. Twenty of the strains also had bands at 2.0 kbp and 19 of these hdd a further restriction fragment at 3.0 kbp. A 1.8 kbp band was present in 15 strains. Six strains, including the type strain of L . przcumuphih (Philade!ijkia-1), had only these four bands (1.8, 2.0, 2.8 and 3.0 kbp) of >0.8 kbp. Track 9 (Fig. 4) shows an example of this pattern. Four more strains had the pattern described above but with one additional b a d at 2.3 kbp. This group included Knoxville-I, the strain from which the probe sequence was derived (track 2). A further four isolates had all of the type strain bands together with other variablc features. Five of the remaining strains had the 2.0, 2.8 and 3.0 kbp fragments and at l e a~t one other band. The serogroup 11 type strain (797-PA-H), shown in track 12, gave ii pattern including the 1.8,2-0 and 2.8 kbp species together with two other major bands. Two str,-trns gave On: Sat, 13 Oct 2018 13:59:25
Idenrification of legionellae using probes rather different patterns having only the < 0-8 and 2.8 kbp bands in common with Philadelphia-1. These isolates (Los Angeles-I and Dallas-lE) shared two other fragments at 1.9 and 2.3 kbp.
Identification oj 'unknown' legionellae To determine whether the method could be used to identify the species of a putative legionella, 31 isolates (which had been examined previously) were coded by one of us (T.G.H.) and identification was then attempted (by N . A . S.). The pattern obtained for each coded isolate was compared against those previously obtained for each species and thus the identity of the coded isolate was determined. All of the coded isolates were susceptible to digestion with NciI. Of the 3 1 strains 23 were epidemiologically unrelated. Seventeen of these isolates were indistinguishable on the basis of restriction fragments from previously examined strains of known identity. These isolates were correctly identified as L. pneurnophila ( gave a pattern of fragments at < 0.8 kbp, which was consistent with either of the recognized red autofluorescent species (L. rubrilucens or L. erythra). However, this strain (LC217) was identified as L. erythra on the basis of the positioning of bands of higher molecular size. This identification was subsequently confirmed by DNA/DNA hybridization studies, using a filter method (Johnson, 1981) . LC217 showed 96% homology with L. erythra (SE-32A-C8) DNA at low stringency (in the same experiment three L. rubrilucens strains -WA-270A-C2, LC215 and LC216 -gave values of 35 to 42% homology to L. erythra). At 10 "C below the melting temperature of L. erythra DNA (stringent conditions) the homology value dropped to 83% (L. rubrilucens 9 to 13%). Two isolates could not be assigned to a species.
Five groups of epidemiologically related strains were examined. These comprised L. pneumophila (two isolates), L. anisa (two groups of two and three isolates each), L. bozemanii (four isolates), Legionella species C (two isolates). The isolates within each group gave indistinguishable patterns.
DISCUSSION
Ribosomal RNA genes are highly conserved and present in multiple copies in the chromosomes of bacterial species. These properties make them particularly suitable for the studies presented here. The conserved nature of the rRNAs allows a single probe to be used in studies of the entire genus (Legionella) and offers the possibility that species-specific patterns will be obtained. The presence of multiple copies of the rRNA genes increases the sensitivity, and power to discriminate between species, of the method. A similar procedure based on the use of 5'-end-32P-labelled E. coli 16s and 23s rRNA as a probe has been published (Grimont et al., 1987) . The cloned rRNA gene used in the study presented here has several advantages over the use of rRNA subunits as a probe. Firstly, DNA cloned in A can readily be purified in quantity.
The method used here compares favourably with the lengthy procedure for the preparation of rRNA subunits. Secondly, the cloned DNA is of highly consistent quality. Thirdly, since the cloned fragment appears to represent a cluster of rRNA genes there is likely to be an equal proportion of sequences for the rRNA subunits (5S, 16s and 23s) available for hybridization to target sequences. Fourthly, the vector sequences of the probe hybridize to 1 fragments run on tracks adjacent to samples of Legionella DNA and these provide ideal molecular size standards allowing the species patterns to be compared from one gel to another. A possible disadvantage of the cloned probe used in this study is the presence of DNA sequences flanking the rRNA genes. However, it was considered that these sequences would not hybridize to species other than L. pneumophila because of the low DNA homologies between Legionella species. In the case of L. pneumophila the flanking sequences could cause some variation in the patterns due to their hybridization to non-rRNA gene sequences. In practice this did not appear to be a serious problem (Fig. 4) .
Although DNA preparations from 27 Legionella species were satisfactorily digested with NciI, DNA from all three L. micdadei strains was refractory to cleavage with this enzyme. This is probably because of methylation of the DNA in this species at the internal cytosine residue of the NciI site. One of these strains (TATLOCK) has been shown to have a restriction enzyme activity (Chen et al., 1986) , which presumably acts at the NciI recognition site.
NciI recognizes the sequence 5'-CCgGG-3' and was expected to have many sites of cleavage within the rRNA gene cluster of 1142. This consideration was critical since intra-species sequence variations within the highly conserved rRNA genes are relatively uncommon whilst the sequences of the flanking DNA would be expected to be more variable. In this regard it is expected that the method using NciI described here will be more useful than that described by P. A. D. Grimont and colleagues for Legionella species identification, where restriction endonucleases having hexanucleotide recognition sequences are used (Grimont & Grimont, 1986; Grimont et al., 1987) . A method based on sequence differences in the flanking DNA (as would be the case when the recognition sites of the restriction enzyme chosen are widely spaced) would be expected to yield a greater proportion of intra-species differences in patterns of restriction fragments. This would be undesirable since it would then be difficult to identify unknown isolates. It might be possible to further reduce the influence of the variable flanking sequences by using a nuclease which recognizes many sites within the rRNA gene cluster. This is demonstrated in Fig. 3 for HaeIII; however, the small restriction fragments thus generated yield relatively unclear patterns which are difficult to interpret. The results obtained using the restriction fragment length analysis technique with the rRNA gene probe on a number of isolates of L. pneumophila shows that some restriction sites are conserved whilst others are more variable in position, suggesting that some of the sequences hybridizing to the probe are more variable than others. It would be expected that these nonconserved restriction sites correspond either to the flanking sequences or to parts of the rRNA gene which are less conserved. Variable sequences are known to be present in parts of the bacterial 16s rRNA sequence (Woese et al., 1983) . It is worthy of note that studies of DNA relatedness and isoenzyme patterns indicate that L. pneumophila is a relatively diverse species at both the genotypic and phenotypic levels (Brenner et a/., 1978; Selander et a/., 1985) . Some evidence was obtained in this study that the more distantly related strains of L. pneumophila give rise to divergent patterns. For example, Los Angeles-1 and Dallas-1E (Fig. 4 , tracks 5 and 13), two strains belonging to a subset of isolates described as Specks 1 by Selander et al. (1983, gave similar patterns of restriction fragments which were distinct from those of the other isolates of L. pneumophila examined.
Comparison of the results obtained for the 22 L. pneumophila strains examined in this study, with those of previous work involving 48 serogroup 1 strains of this species, probed with a nonribosomal sequence (Saunders et a/., 1987) , shows the advantage of using rRNA sequences as probes for species identification. Many fewer RFLPs are revealed by the rRNA gene probe sequence and consequently less intra-species pattern variations occur.
The results of testing 'unknown' coded isolates show the utility of this method. In most cases (24 out of 31) the pattern obtained was indistinguishable from that of at least one strain, of
N . A . S A U N D E R S A N D O T H E R S
known identity, which had been examined previously. In these cases the unknown was accurately identified. In three further instances the pattern differed in the position of a single band and it was possible to assign these isolates to the correct species with a high levcl oP confidence. In two instances the patterns obtained from the DNA of 'unknowns' had strong similarities to the pattern obtained from an isolate of a known species and the tentntive identification of these strains was found to be correct. In practice, positive identification of isolates in this category will rely on further data. Two isolates were not assigned to a species. One, a non-Legionella species, was subsequently shown to be an isolate of Pseudonzunrts cesicularis. The second, a serologically unusual environmental isolate from Singapore, c\ as characterized as a L. pneumophila strain on the basis of biochemical tests and its reaction Kith a species specific monoclonal anti body (Genetic Systems). The restriction fragment pattern obtained was unusual, although the bands typical of this species at 3.0, 2.0 and <0.8 kbp were present, fragments of 2-8 and 1.8 kbp in size were absent. No DNA/DNA hybridization data are available for this isolate, but it may be that both the atypical restriction fragment pattern and serological results obtained correlate to low genoiiie homology with the type strain. However, it must be recognized that a novel pattern of bands could result from analysis of a Legionella isolate with subtle base sequence differences compared with previously examined isolates of that species. This is because KFLPs can result from a single base deletion or substitution. Alternatively, a novel pattern can represent a previously unreported Legionella species or a nonLegionella isolate. Consequently a novel pattern yields little useful information.
It is clear that the method described in this paper will be of considerable value in studies on the legionellae and should provide a valuable complement to both the current biochemical and serological methods (which may provide inconclusive data), and DNA/DNA hybridization, which is technically demanding and time-consuming. For example, using the probe, it bas relatively simple to distinguish between the blue-white autofluorescent species, L. anisir, L. bozemanii, L. steigerwrrltii, L. cherrii, L . dumofii, L. gormarzii and L. parisiensis. Among these species it is particularly useful to be able to distinguish L. anisa from L. bozemanii and L. steigerwaltii from L. cherrii as these pairs of genospecies can otherwise be reliably split only by measurement of percentage divergence in DNA hybridization studies. It is anticipated that as more strains are examined and the database of RFLPs expands, a greater proportion of isolates will be identified with a high degree of confidence,
